A quantitative microbial risk assessment was applied to evaluate the microbial risks of the Accra Urban Water System (AUWS). The exposure assessment was based on the count of indicator organisms in waste water from open roadside drains and in water and sand samples from the beach. The predicted total disease burden generated in a representative catchment of the AUWS (Odaw Catchment) was 36,329 Disability Adjusted Life Years (DALYs) per year, of which 12 and 88% are caused by, respectively, shortcomings in the water supply system and inappropriate sanitation. The DALYs per person per year were above the WHO reference value. The open roadside drain had the highest contribution to the disease burden. Of four possible interventions evaluated for health risk reduction, the highest efficiency in terms of DALYs averted per euro invested would be achieved by providing covers for the open roadside drains.
INTRODUCTION
Lack of proper water supply, sanitation, flood protection and solid waste collection are serious environmental problems escalating in sub-Saharan Africa due to the large growing urban population (Barten et al. 2008) . Currently, nearly 300 million people in this part of the world do not have access to clean drinking water and 440 million do not have access to basic sanitation (G8 2007) . As a result, the urban water system has become a health hazard, especially for vulnerable groups like the elderly, pregnant women and children.
In Ghana, the urban population is 88% of the total population due to population growth and rapid urbanization (Ghana Statistical Service 2005) . A large fraction of the urban dwellers do not have access to a reliable piped water supply system and many do not have access to sanitation. According to the Ghana Statistical Service doi: 10.2166/wh.2010.021 (2005) , only 44% of the households in Accra have access to pipe-borne water inside the house and as few as 13% are connected to a sewer system. Most Ghanaian households that do have sanitation discharge the black waste water into a septic tank or a soak-away. These septic tank effluents and overflows from soak-aways are often discharged in small roadside stormwater drains. Grey waste water is also discharged into these stormwater drains. The small drains combine into larger drains that finally discharge into the rivers, which ultimately discharge into the sea. One of these large and heavily polluted stormwater drains is the Odaw drain, located in the western part of Accra. Storm events cause regular flooding of the Odaw drain, affecting thousands of mostly poor inhabitants that live alongside it.
One of the reasons for the flooding of the drains is the accumulation of solid waste in them, due to the absence of a solid waste collection system.
The current state of the water system is a health hazard for Accra's population. Various projects are underway to improve this situation. However, in Accra, as in most developing countries, the available budgets are not sufficient to address all disease transmission pathways all over the city (Mara 2003) . Therefore, it is essential to target investments in the urban water system to maximize the positive health effects of the investments made (Hutubessy et al. 2003) . Unfortunately, planners and decision makers in many cities have no access to tools to optimize the health benefits of the investments in the urban water system. This paper therefore applied a Quantitative Microbial Risk Assessment (QMRA) (Westrell et al. 2004 ) to quantify the public health risk generated in the Accra urban water system (AUWS). Furthermore, the possible health benefits associated to a selection of interventions to improve the urban water system are compared.
MATERIALS AND METHODS

Description of the study area
This study was undertaken in the Accra Metropolitan Assembly (AMA), the capital city of Ghana, with an estimated population of about 1.6 million people (Ghana Statistical Service 2005) . The selected study area was the part of Accra draining into the Odaw catchment and Korle lagoon, comprising about 60% of the total AMA population.
The mean annual rainfall in Accra is 887 mm and the mean temperature varies between 20 and 308C (Ghana Statistical Service 2005) . According to Ghana Statistical Service (2005) the population density was estimated to be 896 persons per square kilometre with a growth rate of 4.4% per year according to the 2000 census. High inequality exists in the income level of residents: in the high-income zones with appropriate neighbourhood infrastructure the average annual per capita income was estimated to be 8,000 USD.
In contrast, this was estimated to be 410 USD in the lowerclass income zones. These areas of the city are mostly unplanned and characterized by poor or non-existent neighbourhood infrastructure and utilities (lack of sanitation infrastructure) (AMA 2007).
Sampling sites and collection
The neighbourhoods of Nima and James Town were selected as the sampling sites as they have heavily polluted open drains, where especially children may come into contact with water. Selection criteria were high population density, low income and poor sanitation. In each site, three sampling points were identified. On three sampling days, samples were collected in the morning (between 7 h 30 and 9 h 30) and in the afternoon (between 14 h and 16 h). A total of 36 grab samples were collected from the six sampling points. 250-ml samples were used for bacteriological analyses and 1-litre samples for helminth eggs count. In addition, samples of sand and seawater were collected at two different beaches on three days: one behind Independence Square and one near Lapalm Beach Hotel. These were selected due to their accessibility and the number of visitors. On each beach, three separate samples were collected and mixed. The composite sand samples were obtained from dry and wet sand.
Sample analysis
All samples for bacterial analysis were transported to the laboratory on ice and processed within three hours.
Escherichia coli, total coliforms, Salmonella and other Enterobacteriaceae were assessed by using the spread plate method with Chromocult Coliform Agar (AWWA 1985) .
Helminth eggs analysis was done according to Schwartzbrod (1988) .
Quantitative microbial risk assessment
To carry out a QMRA, four steps are involved: hazard identification, exposure assessment, dose-response analysis and risk characterization (Haas et al. 1999) . Four reference pathogens were chosen to represent bacteria, viruses, protozoa and helminths (WHO 2004) : Campylobacter, Rotavirus, Cryptosporidium and Ascaris, respectively.
Salmonella was added due to its easy detection in the field measurements.
The data required for QMRA was partly collected from water sector institutions in Accra, partly from the literature and partly from actual measurements of pathogen concentrations (see above). A comprehensive field survey was done in order to determine the potential exposure pathways and exposed population. This was complemented with interviews with water supply and waste water experts. A small survey was done to estimate the number of bathers exposed and the frequency of visiting.
An E. coli: pathogen ratio was used to calculate the concentration of pathogens: the E. coli: Rotaviruses, E. coli:
Campylobacter and E. coli: Salmonella ratio was assumed to be 1: 10 5 and the E. coli: Cryptosporidium and E. coli:
Ascaris ratio to be 1: 10 6 (Howard et al. 2007; Mara et al. 2007) . The dose was calculated as the product of the concentration of pathogens at a specific exposure route and the volume ingested. From this, the annual probability of developing illness and the annual number of symptomatic cases were calculated as suggested by Haas et al. (1999) . Table 1 gives the overview of the dose-response parameters used in the QMRA.
Calculation of disease burden
The disability adjusted life year (DALY) is an indicator of the time lived with a disability and the time lost due to premature mortality (WHO 2004) . DALYs were calculated for each pathogen according to Havelaar & Melse (2003) .
The average life expectancy at birth for Ghana (57 years:
Ghana Statistical Service 2005) was used in the calculations.
It was assumed that there are no interactions between different exposure events, i.e. exposure to one pathogen does not affect the likelihood of exposure to or infection by other pathogens. For each pathogen, health outcomes, duration and severity weights were identified from the literature (see Table 2 for calculations).
Rotaviruses
The disease outcomes, severity weights and duration of disease due to Rotaviruses were based on Havelaar & Melse (2003) . The case fatality ratio for Rotavirus was 0.7% (Howard et al. 2006) . The mortality burden for both pathogens was based on an average age of death at 1 year.
Cryptosporidium
The disease outcome was taken to be watery diarrhoea with a mean duration of 7.2 days (Havelaar & Melse 2003) .
Cryptosporidiosis is mild and self-limiting for the population at large but has a high mortality rate among those who test positive for HIV/AIDS (WHO 2004) . This group was used to calculate the mortality burden (Howard et al. 2006) . Havelaar & Melse (2003) . Severity weights and duration of the outcomes due to Salmonella and Campylobacter infections were from Kemmeren et al. (2006) . Duration of disease following Ascaris infection was taken from Bundy et al. (1997) , while the severity weight was taken from Lopez et al. (2006) . †
The years of life lost following death from Campylobacter, Rotavirus and Ascaris was taken to be the life expectancy at birth of Ghana -death at age of 1 year (57 2 1 ¼ 56 years); as for Cryptosporidium, this was calculated from the HIV/AIDS group who already have a reduced life expectancy. ‡
The sources of case fatalities included: Salmonella and Campylobacter (Haas et al. 1999) , Rotavirus (Howard et al. 2006) , Cryptosporidium (based on the 10% HIV/AIDS prevalence in Accra), Ascaris (Crompton 1999 
Ascaris
The disease outcomes following Ascaris infection were defined as high intestinal obstruction in children and cognitive deficit (Mathers et al. 2003) . It is estimated that 5% of the cases will develop contemporaneous cognitive deficit. The mean duration and the severity weights were taken from Bundy et al. (1997) and Lopez et al. (2006) , respectively. Death of some children might occur and, therefore, the mean age of death was assumed to be 1 year with a case fatality of 0.08% (Crompton 1999) .
Campylobacter and Salmonella
The outcomes of Campylobacter and Salmonella are mild diarrhoea and severe gastrointestinal illness with a duration between 3 days and lifelong. However, for some patients the disease can be fatal; the fatality ratio for these pathogens is 0.1% (Haas et al. 1999 (Kemmeren et al. 2006 ).
RESULTS
Exposure assessment
The field survey and interviews revealed that a significant number of different exposure routes exist in Accra (Tables 3   and 4 ), which may be grouped under the headings of water supply and sanitation.
Exposure via contaminated water supply
Production of drinking water from surface water in Accra (Table 3) .
Besides the treatment procedure, the distribution system was selected as the critical point because the interviews revealed that there is an intermittent water supply in Accra as well as fluctuations in pressure. Therefore, the risk of infection from the distribution network (Table 5 ) was estimated using data on the microbiological quality of tap water from Cobbina (2004) , who found that the E. coli concentration in tap water in Accra was 0.23 microorganisms/100 mL. The concentration of pathogens in seawater and beach sand is reported in Table 7 . In the open roadside drains, the mean concentration of Escherichia coli, total coliforms, Salmonella and other enterobacter species was above 7 logs microorganisms/100 mL for all pathogens (Table 7) .
Exposure via sanitation
Helminth eggs were also detected in the open roadside drain, but not at the beach. The mean concentration in drainwater from the two locations (Nima and James Town) was 0.7 egg/L with a maximum of 3 eggs/L.
Risk of contamination and risk burden
The total number of infections due to Salmonella, Campylobacter or Rotavirus was above 5,000 per year (Table 8) and the highest number of infections was due to Rotavirus and Campylobacter. The lowest number of infections was due to Ascaris (1,163 infections) . Among all the pathways under consideration, the highest number of cases was noticed at the open drain, irrespective of the pathogen (Table 9 ). The second major pathway was recreational swimming. Considering the entire Accra Urban Water System (AUWS), both the water supply and sanitation system could be a major threat to the citizens of Accra.
However, sanitation contributed to a higher number of cases (Table 9 ).
The disease burden (DALYs) per case per pathogen was calculated ( Table 2) and multiplied by the total number of Beach sand Log 10 microorganisms/g of dry weight 6.0^0.3 6.7^0.4 4.8^0.5 6.7^0.5 6 n.d.: not detected. 
DISCUSSION
Disease pathways in the urban water system of Accra
Contrary to most QMRA studies which are applied either to the water supply system or the sanitation system (Howard et al. 2006; Schö nning et al. 2007) , this study provides the health risks for the entire urban water system in Accra. The results show that the open roadside drain was the most hazardous disease transmission route, followed by recreational swimming (Figure 1) . In Accra, the open drain is carrying not only storm water, but also septic tank overflows from more than 50% of the population (Ghana Statistical Service 2005). Therefore, the open roadside drains pose a serious health risk for Accra's citizens, especially children who may come into contact with the polluted water while playing in the street. Additionally, people eating raw vegetables irrigated by water from the drains are highly exposed. Unfortunately, this practice is common in Accra. Considering Ascaris and Rotavirus, the annual health risk due to these pathogens for the average consumer of lettuces irrigated with drainwater was estimated to be 100% (Seidu et al. 2008) .
Within the water supply system, the risk associated with the water distribution system is larger than that of the water treatment. The same conclusion was drawn by Howard et al. (2006) in a study about the risk related to drinking water consumption in Uganda. Geldreich (1996) reported that the main risk from the water supply in developing countries is associated to the distribution network. In Accra, prolonged periods of low pressure in large parts of the distribution network are common, which may lead to intrusion of contaminated groundwater.
Pathogen concentrations in urban water of Accra
The concentration of bacteria in the open roadside drains indicated a high level of pollution (Table 7) , which can be explained by the general lack of sanitation and the presence of both black and grey water in the drains (Obuobie et al. 2006). Gbewonyo (2007) found 2 £ 10 7 faecal coliforms/
100 mL in open drains at urban agriculture sites in Accra.
A similar value was found by Gbireh (1999) : faecal coliform concentrations in various sources of water used for irrigation in Accra (drain and river) ranged from 10 5 to 10 8 microorganisms/100 mL. The values found in this research are at the higher end of this range, which could be explained by the location of the sampling sites (very close to the houses). During the transport of drainwater to the urban agriculture sites, dilution and decay will decrease their concentration. The presence of Salmonella in the drainwater was not surprising because at high concentrations of faecal coliforms, Salmonella is expected to be present as well (Elmanama et al. 2005) .
The microbial pollution of the seawater along the shore was not unexpected, since from the roadside drains, the water flows without any treatment into the Odaw River which discharges into the ocean. The microbial pollution of the beach sand was higher than that of the seawater (Table 7) .
The sand offers a suitable environment for pathogen survival, due to its large area, and it therefore may act as reservoirs for microbial contaminants (Bonilla et al. 2007) .
Ratio E. coli : pathogens 
Intervention C: coverage of the roadside drains
This intervention is not included in the Accra Sewerage Improvement Project (African Development Fund 2005) but, because of the major contribution of the open roadside drains to the disease burden in Accra (Figure 1) , the efficiency of covering them in order to reduce the exposure of the population to the polluted drainwater also needs to be evaluated.
Intervention D: further improvement of water supply system
This intervention is included in this study in order to prioritize investments between improving the sanitation or water supply system.
By implementing the interventions, the percentage reduction of the number of cases for each intervention and exposure route was estimated on expert opinion, since no information is available in the literature (Table 10) is comparable to intervention A, and at the same time probably much cheaper, the achievable health benefits with a given budget are probably maximum for intervention C.
In a recent study (Seidu, personal communication) the ratio of investment costs to health benefit of coverage of the drain has been assessed; this was estimated at 516 US$/DALY.
Intervention D averts a relatively small number of DALYs.
Since cost estimates are not available for this intervention, the efficiency in terms of DALYS averted per US$ invested cannot be evaluated for this option.
CONCLUSIONS † The applied methodology can be used to compare between the different pathways and between the effects of different interventions. † Though the results are subject to significant uncertainty, due to uncertainty in E. coli : pathogen ratios and because not all pathogens could be included in the analysis, it became clear that the water system is a serious health hazard for the citizens of Accra. The predicted disease burden is above the WHO reference value for each pathogen that was analysed. 
